Redox processes are at the heart of numerous functions in chemistry and biology, from long-range electron transfer in photosynthesis and respiration to catalysis in industrial and fuel cell research. These functions are accomplished in nature by only a limited number of redox-active agents. A long-standing issue in these fields is how redox potentials are fine-tuned over a broad range with little change to the redox-active site or electron-transfer properties. Resolving this issue will not only advance our fundamental understanding of the roles of long-range, non-covalent interactions in redox processes, but also allow for design of redox-active proteins having tailor-made redox potentials for applications such as artificial photosynthetic centres 1,2 or fuel cell catalysts 3 for energy conversion. Here we show that two important secondary coordination sphere interactions, hydrophobicity and hydrogen-bonding, are capable of tuning the reduction potential of the cupredoxin azurin over a 700 mV range, surpassing the highest and lowest reduction potentials reported for any mononuclear cupredoxin, without perturbing the metal binding site beyond what is typical for the cupredoxin family of proteins. We also demonstrate that the effects of individual structural features are additive and that redox potential tuning of azurin is now predictable across the full range of cupredoxin potentials.
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Cupredoxins are redox-active copper proteins that span several kingdoms in biology and play crucial roles in many important processes, including photosynthesis, respiration, cell signalling, and many other reactions in oxidases and reductases [4] [5] [6] [7] [8] . Despite these many functions, cupredoxins use a single redox active centre, whose reduction potential (E o ) must be tunable to match that of a given redox partner without compromising the structural and electrontransfer properties of the protein. The protein environment provides not only a means to overcome the large (.1 eV) reorganization energies of Cu complexes in aqueous solution, but also the limited range of E o attainable by free Cu ions under physiological conditions (,200 mV). The mononuclear type 1 (T1) cupredoxins provide a notable example, as they all contain a single Cu ion with similarly low (0.7 eV) reorganization energies, yet E o values from various members of this ubiquitous family span an ,500 mV range [4] [5] [6] [7] [8] . Despite their vastly different E o , the overall and active site structures are very similar in all T1 cupredoxins 9 , which contain a Cu ion coordinated by a Cys and two His residues in a trigonal planar geometry, and a weak axial ligand, such as Met 121 in azurin (Az; Fig. 1a) . A weak interaction between the Cu and a backbone carbonyl oxygen is also present in some cupredoxins, such as Gly45 in Az (Fig. 1a) . The similar structure of various cupredoxins results in similar spectroscopy, characterized by a ligand to metal charge transfer absorbance at ,600 nm and very small electron paramagnetic resonance (EPR) hyperfine coupling constants (A I < 60 G). 10 and solvent 11, 12 effects, have thus far shown minimal effect in cupredoxins, suggesting that there is still a significant lack of knowledge about other long-range, non-covalent interactions responsible for tuning E o . Mutational studies on rusticyanin (Rc), the mononuclear cupredoxin with the highest E o of 680 mV at pH 2.0, resulted in a lowest E o of ,470 mV, still higher than the highest E o of other cupredoxins [4] [5] [6] [7] [8] . Similarly, numerous mutations in other cupredoxins always reach a E o ceiling, with the highest E o being ,400 mV, still lower than that of Rc. So far, replacement of the axial copper ligand (Met 121 in Az) has resulted in the largest changes to the E o of several cupredoxins [4] [5] [6] [7] [8] . Studies using unnatural amino acids as isostructural analogues of Met established a linear correlation between the E o and the hydrophobicity of the axial ligand in cupredoxin variants (Fig. 2a ) 13, 14 . Other interactions, such as p-p interactions between aromatic residues and the copper ligands, have been shown to affect cupredoxin E o to a lesser degree 15, 16 . While these studies exemplify the importance of long range (.3 Å ) interactions in tuning the properties of metalloproteins, the level of change to the E o is relatively small (,250 mV) 15, 16 , and no report has shown control of the E o of a single cupredoxin across the entire range of native cupredoxin potentials at similar pH values. As there are significant pH effects on the reduction potential of every cupredoxin protein, all potentials in this paper will be compared at pH 7.0, unless otherwise noted.
With o by strengthening the hydrogen-bonding interactions between two ligand-containing loops, adding rigidity to these loops and influencing the direct hydrogen bonds between the backbone of the protein and the thiolate of Cys ligand (refs 17-19) . We therefore incorporated these interactions into Az by making the N47S mutation. The ultraviolet-visible absorption spectroscopy of N47S is very similar to that of native Az ( Supplementary Fig. 3 ), suggesting that the core cupredoxin structure is preserved. Interestingly, the mutation resulted in an ,
Because the axial ligand, Met 121, and the N47S mutation influence different aspects of the copper binding site, we reasoned that their individual effects on E o would be additive. Consequently, we constructed both N47S/M121Q and N47S/M121L Az. The linear dependence of the redox potential on the hydrophobicity of the axial residue, previously identified in cupredoxins, was still observed, with N47S mutation exerting similar effects on their E o (Fig. 2a) , suggesting that the two influences are additive. Owing to this additive nature, the highest E o of this series of Az mutants, seen in N47S/ M121L Az, was observed to be 496 6 13 mV at pH 7.0. As shown by a crystal structure of N47S/M121L Az (Fig. 1b) , the N47S mutation in Az introduces a hydroxyl group 4.13 Å from the sulphur of Cys 112 and 3.42 Å from the backbone amide nitrogen of Thr 113, reproducing a hydrogen-bonding pattern similar to that of native Rc (PDB code 1rcy) 20 , which shows distances of 4.04 Å and of 2.88 Å , respectively, at the equivalent positions.
Despite N47S/M121L Az having the highest redox potential of any known Az variant, its E o still falls short of that of Rc. Therefore, other factors that tune the cupredoxins E o to high values must still be missing. Another examination of cupredoxin crystal structures reveals the presence of a backbone carbonyl oxygen, from Gly 45, near the copper ion in Az, which is missing in other cupredoxins, such as Rc (refs 6, 7) . This ionic interaction in Az results in more electron density near the copper, preferentially stabilizing the Cu(II) form of the protein and, therefore, lowering the redox potential 21 . We thus reasoned that manipulating the electronic properties of the carbonyl oxygen in Az may enable us to close the gap between the high and low potential cupredoxins.
As the carbonyl oxygen itself cannot be changed by site-directed mutagenesis, altering its properties represents a new challenge for protein design and engineering. To meet this challenge, we searched for residues in Az that could affect the carbonyl through either steric repulsion or hydrogen bonding. Phe 114 was chosen as a suitable candidate because of its proximity to Gly 45 and since its side chain points towards the carbonyl. To observe the effect of introducing a hydrogen-bonding group at position 114 in Az, F114N Az was constructed and a potential of 398 6 4 mV at pH 7.0 was measured for this variant.
Because both the N47S and F114N mutations individually perturb separate areas of the protein, they were combined by constructing the N47S/F114N variant of Az. The redox potential of N47S/F114N Az o at pH 7.0 versus log P for the Az mutants from this study (here P is the partition coefficient of the side chain of the residue between octanol and water; that is, it is a measure of hydrophobicity). The lowest reported E o (dashed orange line) at pH 7.0 for any T1 cupredoxin before this study, M86Q pseudoazurin, is indicated. The highest E o (dashed purple line) at pH 6.2 of any T1 cupredoxin variant before this study, M148L Rc, is also indicated; its potential was not measured at pH 7.0 owing to protein instability. Considering the pH trend of the E o of all cupredoxins, this reported value for M148L Rc would be lower at pH 7.0. b, Plot showing the E o value for each azurin variant at pH 7.0 unless otherwise noted. Not only is the redox potential of Az tunable to the extremes of the redox potentials attainable by T1 cupredoxins, but to nearly any redox potential within the range. Error bars, 61 s.d.
was observed to be 494 6 11 mV at pH 7.0 (Fig. 2) . Again, the position and extinction coefficient of the ligand to metal charge transfer band in this double mutant are similar to wild-type Az (Supplementary Fig. 5 ). Combining the axial Met mutations with N47S and F114N also yielded a linear dependence of reduction potential on axial ligand hydrophobicity, resulting in a reduction potential for N47S/F114N/M121L Az of 640 6 1 mV at pH 7.0 (Fig. 2) . The redox potential of Rc at the same pH is reported to be 550 mV (ref. 22) . Its axial ligand variant, M148L Rc, exhibits a potential of 613 mV versus a normal hydrogen electrode (NHE) at pH 6.2 (ref. 23 ), which may be directly compared to 668 6 1 mV at pH 6.0 for N47S/F114N/M121L Az. Therefore, N47S/F114N/M121L Az has a redox potential exceeding that of any known Rc variant at the same pH. Following the observed trend of increasing redox potential with decreasing pH, a maximum redox potential of 706 6 3 mV was observed for N47S/ F114N/M121L Az at pH 4.0.
To investigate the combined effect of N47S and F114N on the structure of Az, a crystal structure of the N47S/F114N variant was obtained (Fig. 1c) . The structure showed that the F114N mutation puts a hydrogen-bond donor near the backbone carbonyl of Gly 45. X-ray crystallography is, however, not able to distinguish between oxygen and nitrogen atoms in a molecule. If the positions of the oxygen and nitrogen on the side chain of Asn 114 are reversed, the amide nitrogen is in position to disrupt hydrogen-bonding interactions between the copper ligand, His 117, and other parts of the protein. Rc and other high potential cupredoxins achieve a similar effect by crowding the area around this His residue with Phe residues 24 .
Having achieved predictable tuning of the redox potential of Az to the high end of cupredoxin potentials, we also wanted to tune its potential to the low end. It is known that replacing the axial ligand Met 121 with Gln, the axial ligand found in low potential stellacyanin, lowers the potential of Az to ,190 mV (refs 25, 26) . Another report has shown that mutation of Phe 114 in Az to a Pro residue causes a reorganization of the hydrogen-bonding network near the copper binding site of Az, which lowers the redox potential by ,90 mV. This decrease is due to the deletion of a direct hydrogen bond to Cys 112, which increases the electron density on the sulphur ligand, thereby lowering the redox potential 27 . Hence, we constructed F114P/M121Q and F114P/M121L Az, demonstrating that the effect of F114P is also additive with that of the axial ligand hydrophobicity (Fig. 2a) . With a E o of 90 6 8 mV at pH 7.0, F114P/M121Q Az boasts the lowest E o reported for all cupredoxins and their variants. Following the same pH trend observed for the N47S/F114N/ M121L Az variant, a minimum redox value of 22 6 13 mV was observed at pH 9.0. We determined the crystal structure of F114P/ M121Q Az (Fig. 1d) , which shows similar effects to those seen in F114P Az: a disrupted hydrogen bond between Phe 114 and Cys 112.
In summary, we have predictably and rationally tuned the E o of Az to the full range reported for native cupredoxins and beyond, as well as many E o in between (Fig. 2b) . This unprecedented level of control over an electron transfer protein was achieved by mapping out major interactions, an approach that may apply to all other redox proteins. While redox agents for use in organic solvents are plentiful, watersoluble and stable redox agents are rare, and those available display a limited potential range. Previously, to cover a wide potential range, different compounds with different surface interactions or electron transfer properties had to be used. As point mutants of a given protein have almost identical structures and surface properties, such proteins will find a wide range of applications as redox agents in areas such as fundamental biochemical and biophysical studies of enzymes, and could be tailor-made for use as artificial photosynthetic centres and fuel cell catalysts for energy conversion.
METHODS SUMMARY
Preparation of all Az variants was performed using previously published protocols 28, 29 . Reduction potentials were measured by absorbing copper incorporated protein onto graphite electrodes and scanning for redox events with cyclic voltammetry versus a Ag/AgCl reference electrode. Observed reduction potentials were corrected to an NHE by adding 210 mV. Owing to pH dependent variation in the reduction potential of cupredoxin proteins, all reduction potentials were compared at the same pH unless otherwise noted. For a more complete comparison of absorption spectroscopy, the extinction coefficients of each absorbance were calculated by quantifying the amount of protein in each sample with inductively coupled plasma optical emission spectrometry. EPR spectra were obtained as a glass at 30 K. Nuclear magnetic resonance (NMR) spectra of the reduced proteins were collected in buffered D 2 O solution.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
